Pseudohypoparathyroidism type 1A (PHP1A), pseudoPHP (PPHP), and PHP type 1B (PHP1B) are caused by maternal and paternal GNAS mutations and abnormal methylation at maternal GNAS promoter(s), respectively. Adult PHP1A patients are reportedly obese and short, whereas most PPHP patients are born small. In addition to parathyroid hormone (PTH) resistance, PHP1A and PHP1B patients may display early-onset obesity. Because early-onset and severe obesity and short stature are daily burdens for PHP1A patients, we aimed at improving knowledge on the contribution of the GNAS transcripts to fetal and postnatal growth and fat storage. Through an international collaboration, we collected growth and weight data from birth until adulthood for 306 PHP1A/PPHP and 220 PHP1B patients. PHP1A/PPHP patients were smaller at birth than healthy controls, especially PPHP (length Z-score: PHP1A -1.1 AE 1.8; PPHP -3.0 AE 1.5). Short stature is observed in 64% and 59% of adult PHP1A and PPHP patients. PHP1B patients displayed early postnatal overgrowth (height Z-score at 1 year: 2.2 AE 1.3 and 1.3 AE 1.5 in autosomal dominant and sporadic PHP1B) followed by a gradual decrease in growth velocity resulting in normal adult height (Z-score for both: -0.4 AE 1.
Introduction P seudohypoparathyroidism (PHP) was defined initially by Fuller Albright as the resistance to the parathyroid hormone (PTH) characterized by hypocalcemia and hyperphosphatemia in association with different features of Albright hereditary osteodystrophy (AHO), including stocky build, brachydactyly, and short stature. These patients often present with additional features such as early-onset obesity, subcutaneous ossifications, neurocognitive deficiency, and resistance to other hormones that mediate their actions through the alpha-subunit of the stimulatory G protein (Gsa), such as thyroid-stimulating hormone (TSH). (1, 2) Differently, pseudoPHP (PPHP) is characterized in most patients by physical symptoms of AHO yet no resistance to PTH or TSH. Binding of these hormones to their receptors promotes the coupling to the G protein and cAMP generation by adenylyl cyclase. Gsa is encoded by exons 1-13 of GNAS, part of a complex imprinted locus on chromosome 20q13. 3 . GNAS encodes at least four additional transcripts using alternative first exons and their promoters that undergo parentspecific methylation. These include NESP55 (NeuroEndocrine Secretory Protein 55), derived from the nonmethylated maternal allele, whereas XLas (the eXtra Large variant of Gsa), the A/B transcript, and an antisense (AS) transcript are transcribed from the nonmethylated paternal GNAS allele (3) (Fig. 1) . Although Gsa is derived in most tissues from both parental alleles, its expression from the paternal GNAS allele can be reduced or abolished in some tissues, such as renal proximal tubules, brown adipose tissue, pituitary, gonads, thyroid, and hypothalamus through an as yet undefined tissue-specific silencing mechanism. (4, 5) Maternal loss-of-function mutations at GNAS exons 1-13 cause PHP type 1A (PHP1A). Interestingly, the same or similar mutations on the paternal allele cause PPHP. (6) In contrast, PHP type 1B (PHP1B) encompasses patients with methylation defects at one or more GNAS promoters. (7) About 20% of PHP1B patients present with an autosomal form of the disease (AD-PHP1B) characterized by loss of methylation restricted to the maternal exon A/B DMR (GNAS A/B:TSS-DMR). (8) Most of these patients display a maternal 3-kb microdeletion within STX16, located approximately 220 kb upstream of GNAS. (8) Patients with the sporadic form of PHP1B (spor-PHP1B)-about 70% of all PHP1B patients-present with abnormal maternal methylation involving at least one GNAS D M Ri na d d i t i o nt ot h eGNAS A/B:TSS-DMR. (7, 8) The mechanisms underlying these methylation changes have not yet been defined. Lastly, approximately 10% of all spor-PHP1B cases are caused by paternal uniparental isodisomy of chromosome 20q [iUPD(20q)pat], which includes the GNAS locus. (9) Resistance to PTH is the most prominent finding in patients affected by PHP1B, but mild resistance to TSH occurs frequently. (10) PHP may easily be confused with other diseases because of clinical, biochemical, and/or molecular overlap. We note that a recently proposed alternate classification uses the term "inactivating PTH/PTHrP Signaling Disorder" (11) to describe GNAS loss-of-function mutations. PHP1A and PPHP, which involve mutations of either the maternal or the paternal allele, are referred to as iPPSD2, and PHP1B variants caused by GNAS methylation defects are referred to as iPPSD3 (defects upstream of Gsa, eg, inactivating PTH1R mutations, are referred to as iPPSD, and mutations in PRKAR1A, PDE4D, and PDE3A are referred to as iPPSD4, iPPSD5, and iPPSD6, respectively). . Schematic drawing of the GNAS locus. The imprinted human GNAS locus (not to scale, Hg19-chr20:57,414,795-57,486,250) and the STX16 gene (Hg19-chr20:57,226,309-57,254,5812) on chromosome 20. The centromeric/telomeric (cen/tel) orientation of the chromosome is indicated. Boxes indicate coding exons. Black boxes: transcripts expressed from both parental allele; gray boxes: transcripts expressed only from the paternal allele; white box: transcript expressed predominantly from the maternal allele. Asterisks indicate the differentially methylated regions. Arrows: transcription (direction and parental origin). Transcripts are drawn above (mat: maternal) or below (pat: paternal) the GNAS locus and the STX16 gene; for clarity, the N1 exon that is located between exon 3 and 4 of GNAS, and is alternatively spliced, has not been included in this scheme. Sense transcripts (NESP, XLas, A/B, and Gsa) have their own first exon and share GNAS exons 2 to 13. It has been frequently reported that patients affected by PHP1A and PPHP have adult heights that are approximately -2.5 and -2.3 SD, respectively, below average; (12, 13) growth delay is already present at birth in both diseases, particularly in PPHP patients. (14) By contrast, final adult heights of AD-PHP1B and spor-PHP1B patients are described as "normal" in most reports despite recent descriptions of enhanced fetal growth (15) and case reports of postnatal overgrowth (16, 17) (a summary of the evidence available in the literature for pre-and postnatal growth in PHP1A, PPHP, and PHP1B is provided in Supplemental Table S1 ). Obesity is well known to be associated with PHP1A as exemplified by the largest study to date conducted in adults affected by this disorder, showing an average body mass index (BMI) Z-score of 1.7 AE 0.2 with two-thirds of the patients meeting the criteria for obesity. (13) In addition, early-onset obesity has been observed in case reports and small series of patients with PHP1B. (16, 17) Besides fetal growth data, longitudinal trajectories of growth and weight and their determinants are currently unknown for patients affected by the different PHP variants, and final heights and BMI have not been systematically evaluated in either disorder. Obesity and short stature represent heavy burdens in the daily life for many of these patients. Therefore, the goals of our study were to: 1) determine the longitudinal pattern of growth and weight gain for large cohorts of patients affected by PHP1A and PPHP (carrying a GNAS loss-of-function mutation) and by AD-PHP1B and spor-PHP1B (carrying a GNAS methylation defect); 2) determine adult height, weight, and BMI of patients affected by these disorders; and 3) enhance our understanding of the mechanisms and the roles of the different GNAS-derived transcripts in fetal and postnatal growth and weight gain. We strongly believe that a thorough analysis and understanding of these exemplary rare diseases will contribute to better management and care of affected patients and will help generate hypotheses regarding the underlying mechanisms.
Materials and Methods

Patients
We collected the GNAS molecular defect, gestational age, length/height, and weight parameters from birth until the most recent available data or the age of 18 years (longitudinal data) of patients affected with a documented molecular defect at the GNAS locus, hence a diagnosis of either PHP1A, PPHP, AD-PHP1B, or spor-PHP1B. We gathered the data available at the following time points: birth, 0.5, 1, 1.5, 2, 3, 6, 8, 10, 12, 14, 16, and 18 years. Data were obtained from patients in France, Spain, Italy, and USA. Some growth and weight aspects have been partially reported for a subset of these patients ( Supplemental  Table S1 ). Patients affected with PHP1B due to iUPD(20q)pat were excluded from the study because the duplication of the paternal chromosome may affect other genes on chromosome 20q with an unknown impact on growth and weight gain. Growth and weight data of patients treated with growth hormone were included only until recombinant human growth hormone (rhGH) therapy was initiated. Ethnicity and average measurement per country, per patient, and per age group are available in Supplemental Table S2 . We calculated BMI, using the formula weight (kg)/height (m) 2 . Z-scores for length/height, weight, and BMI were derived from the World Health Organization (WHO) growth charts. (18) Small for gestational age (SGA) and macrosomia are defined by Z-scores of birth weight and/or birth length for gestational age below -1.28 and above 2.0 (<10th and >97th centile), respectively. (19) When term was defined in medical files as "full term," Z-scores were calculated using 39 weeks of gestation; however, these patients were not included in the calculation of mean gestational age. Short and tall stature are defined by Z-scores of adult height (measure shown at 18 years in the present report) below -2.0 and above 2.0 (<3rd and >97th centile), respectively. Overweight and obesity were defined as BMI above 25 and 30 kg/m 2 , respectively. After establishing the diagnosis, patients were regularly monitored for PTH and TSH resistance; LdS, PK, AR, DT, ST, AHS, HJ, GM, and AL managed most of the patients.
In the figures and legends, iPPSD2 refers to patients affected with a GNAS loss-of-function mutation, whereas iPPSD3 refers to patients with a GNAS methylation defect. (11) To address specifically maternal or paternal GNAS mutations or the different subtypes of methylation defects, the terms of PHP1A, PPHP, AD-PHP1B, or spor-PHP1B have been preferred.
The study was approved by the Comit e Consultatif sur le Traitement de l'Information en Mati ere de Recherche dans le Domaine de la Sant e (CCTIRS, #13-028) under the promotion of the INSERM (Institut National de la Sant e et de la Recherche M edicale) (#DC-2013-1762). Similarly, institutional review boards approved the use of data for the study in USA, Italy, and Spain (Vanderbilt University Medical Center, IRB#130735; Massachusetts General Hospital, IRB#2001P000648; OSI Araba University IRB #PI2013214 and PI2017018).
Molecular characterization of the GNAS gene/locus
The diagnosis of PHP1A was based on the presence of PTH resistance and AHO features associated with maternal loss-offunction mutations involving GNAS exons 1 to 13 documented by DNA sequencing. The parental origin of the mutation was determined by investigating the parents or, in the case of de novo mutations and if parental DNA was available, through the cloning of PCR amplicons and the analysis of informative intragenic polymorphisms that reside on the same allele as the disease-causing mutation and assigned to one parent. In some patients for whom it was not possible to determine the allelic origin through disease transmission or polymorphism transmission, the GNAS transcripts were amplified from blood lymphocytes (GNAS exon A/B to exon 13) as described by Turan and colleagues. (20) Finally, in a few remaining patients, the diagnosis of PHP1A was based on the presence of PTH resistance, AHO features, and a disease-causing GNAS mutation. The diagnosis of PPHP was based on the presence of a GNAS mutation on the paternal allele and AHO features without hormonal resistance. In a few PHP1A patients (n ¼ 10), the exact mutation could not be retrieved from medical notes.
To explore the possibility of genotype/phenotype relationships, GNAS variants were divided as follows: 1) variants that severely impact Gsa function, ie, premature stop codons and insertions/deletions (indels) leading to a shift in the open reading frame versus variants predicted to impact Gsa function less profoundly, ie, amino acid substitutions and in-frame indels and 2) variants located within GNAS exon 1 predicted to preserve the XLas function in affected PHP1A patients versus variants located within GNAS exons 2-13 predicted to affect the function of both Gsa and XLas in PHP1A (Fig. 1) .
The diagnosis of PHP1B was based on the presence of PTH resistance without obvious AHO features in association with abnormal methylation at the GNAS A/B:TSS-DMR alone or including other GNAS DMRs. Methylation defects were documented by pyrosequencing or MS-MLPA, as described. (21) AD-PHP1B was defined by the association of a methylation defect restricted to the GNAS A/B:TSS-DMR, the recurrent 3-kb STX16 deletion, or the 4.4-kb STX16 deletion in one family. Spor-PHP1B was defined by a methylation defect affecting GNAS A/B:TSS-DMR and at least one other GNAS DMR. In these patients, iUPD(20q)pat was excluded by showing, through singlenucleotide polymorphism (SNP) array or microsatellite analysis of genomic DNA, that the patient is heterozygous throughout the GNAS/STX16 locus. Patients affected by AD-PHP1B due to GNAS deletions removing NESP or antisense exons were not included.
Statistical analysis
Statistical analyses were performed using Prism software 6.0.
Length/height, weight, and BMI at birth, 1 year, 3 years, 10 years, and 18 years are presented as Z-scores (mean AE SD; number of independent samples; p value). Longitudinal growth patterns of patients are presented as a function of age (mean AE SD) and are grouped by diseases PHP1A and PPHP versus AD-PHP1B and spor-PHP1B. When three or fewer values are available per age group, data are not averaged and thus do not appear on the figures.
The one-way ANOVA test followed by a Tukey's multiple comparisons test was used to compare the results for different types of disease variants (alpha ¼ 0.05), and t tests were performed to compare whether data (Z-score) of patients were significantly different from the hypothetical value of zero (mean of the population) (alpha ¼ 0.05). We used the unpaired t test to compare data between the two subtypes of PHP1B. (Table 1) . Altogether, 306 patients carry a mutation on their GNAS gene, whereas 220 patients exhibit methylation defects at the GNAS locus.
Results
Patients
Among the PHP1A and PPHP patients, 66% and 76%, respectively, carry a mutation that likely impacts Gsa function severely. GNAS exon 1 mutations were identified in 19% and 25% of PHP1A and PPHP patients, respectively. In PHP1A patients, the different maternal GNAS mutations are not expected to alter expression or function of the paternal XLas transcript. In PPHP patients, the paternal exon 1 mutations should not affect XLas protein (Fig. 1) .
Gestational age and birth parameters ( Table 1 , Supplemental Table S3 , Supplemental Fig. S1) PHP1A patients Twenty-one percent (21/99) of the patients affected by PHP1A were born prematurely, ie, before the 37th week of gestation (average gestational age: 38.3 AE 2.6 weeks). Compared with healthy newborns, intrauterine growth was moderately impaired for PHP1A patients as the Z-scores for birth length and birth weight were -1.1 AE 1.8 (n ¼ 143) and -0.6 AE 1.6 (n ¼ 169), respectively (p < 0.0001 for both). Thirty-seven percent of the patients were born small for gestational age (SGA). No differences were observed when grouping the patients based on the type of GNAS mutations, ie, mutations that are predicted to impair Gsa function severely or mildly. At birth, PHP1A patients with mutations involving GNAS exon 1 (n ¼ 29) had slightly lower weight Z-scores compared with PHP1A patients with mutations in GNAS exons 2-13 (n ¼ 135; -1.1 AE 0.9 versus -0.5 AE 1.8; p ¼ 0.0074). Birth length Z-scores of both PHP1A cohorts were not different (-1.2 AE 0.7 [n ¼ 23] versus -1.1 AE 1.9 [n ¼ 115]; p ¼ 0.7124).
PPHP patients
Data regarding the duration of pregnancy were available for about half of the PPHP patients (n ¼ 34). The mean gestational age was 37.6 AE 2.5 weeks, which is not different from that of the PHP1A patients (p ¼ 0.2096); approximately one-fifth of the patients (20%) were born prematurely. Intrauterine growth of the PPHP cohort was severely altered in comparison to the reference population, ie, the mean Z-scores for birth length and weight were -3.0 AE 1.5 (n ¼ 38; p < 0.0001) and -2.7 AE 1.3 (n ¼ 42; p < 0.0001), respectively. Overall, 95% of the PPHP patients were SGA at birth. Patients with a mutation involving GNAS exon 1 were less severely affected than those with a mutation in GNAS exon 2-13 (birth weight Z-score -1.9 AE 0.9
PHP1B patients
None of the AD-PHP1B patients for whom sufficient information regarding their pregnancy was available (n ¼ 32) were born prematurely, whereas 12% of the spor-PHP1B cases (8 of 64) were born before 37 weeks of gestation. Among PHP1B patients, only those affected by AD-PHP1B showed evidence of increased fetal growth in comparison to healthy controls (birth length Z-score 0.7 AE 1.2, n ¼ 33; p ¼ 0.0039). Both AD-PHP1B and spor-PHP1B had increased birth weight Z-scores in comparison to the population of reference (AD-PHP1B 1.2 AE 1.6, n ¼ 39; p < 0.0001; spor-PHP1B 0.5 AE 1.6, n ¼ 62; p ¼ 0.0172). Overall, 28% of the AD-PHP1B and 18% of the sporPHP1B cases presented with macrosomia at birth.
Postnatal growth
We next determined whether postnatal growth was affected depending on the disease-causing genetic and/or epigenetic defect at the GNAS locus.
After birth, both PHP1A and PPHP patients displayed a moderate catch-up growth ( Fig. 2A, B) but showed a progressive decline in growth velocity and lack of pubertal spurt leading to a final short stature ( Fig. 2E, F; Fig. 3A) as indicated by the height Z-scores over time (PHP1A -0.6 AE 1.7 at 3 years, -0.9 AE 1.3 at 10 years, -2.5 AE 1.1 at 18 years; PPHP -1.5 AE 1.5 at 3 years, -0.2 AE 1.1 at 10 years, -1.9 AE 1.2 at 18 years). Final heights below the 3rd percentile were found in 64% and in 59% of the PHP1A (n ¼ 84) and PPHP (n ¼ 34) patients, respectively (Supplemental Table S3 , Fig. 3A) . A similar pattern of longitudinal growth was observed for girls and boys affected by PHP1A, as shown in Fig. 2A, B , E, F. For PPHP, we had too few data for male patients preventing any comparison of sex-specific growth patterns. Importantly, we found no influence of the GNAS genotype (mild versus severe impact on the Gsa function; exon 1 versus exon 2-13 of Gsa) on birth length and final adult heights of PHP1A and PPHP patients ( Table 1 , Fig. 3E, Supplemental Fig. S1 , Supplemental Table S4 ).
In contrast to patients with inactivating GNAS mutations, patients with GNAS methylation defects displayed a pattern of overgrowth in their first years of life (Fig. 2C, D) , followed by a shortened or absent pubertal spurt, leading to a near normal final height ( Fig. 2G, H; Fig. 3A ). The dramatic increase in growth velocity was obvious very early in life, as soon as 1 year of age. Then, we observed a gradual decline of the height Z-scores (AD-PHP1B 2.2 AE 1.3 at 1 year, 1.2 AE 0.9 at 3 years, -0.2 AE 1.3 at 10 years, and -0.4 AE 1.1 at 18 years; spor-PHP1B 1.3 AE 1.5 at 1 year, 1.1 AE 0.9 at 3 years, 0.8 AE 1.3 at 10 years, and -0.4 AE 1.1 at 18 years). Growth patterns and final heights were similar for males and females ( Fig. 2G, H; Fig. 3C ).
Postnatal weight gain
We observed an excessive weight gain in all disease subtypes as shown in Fig. 3B, D, F and Fig. 4 .
PHP1A patients showed evidence for early-onset obesity with a dramatic increase of the BMI Z-score at 1 year of life to 3.5 AE 2.3 (p < 0.0001). Most patients continued to gain weight, leading by the age of 3 years to a BMI Z-score of 5.0 AE 3.4 (Fig. 4A, B) . The final BMI Z-score determined at 18 years was 2.2 AE 2.0, including 29/66 patients having a Z-score above 2. Men and women showed a similar pattern of weight gain; however, adult PHP1A women were significantly heavier than adult PHP1A men (Z-scores of BMI of 2.6 AE 2.1 [n ¼ 41] versus 1.7 AE 1.6 [n ¼ 25], p ¼ 0.0254), respectively (Fig. 4E, F) . Among adult PHP1A patients, 41% were overweight and 29% were obese. The weight gain was not influenced by the GNAS genotype (Fig. 3F ).
Our PPHP cohort was too small to calculate reliable BMI data. However, we observed that, on average, patients maintained their BMI above the 50th centile during childhood (Fig. 4A, B, E (Fig. 4E, F) .
Interestingly, all patients affected by PHP1B, including AD-PHP1B and spor-PHP1B, showed a dramatic early-onset weight gain (Fig. 4C, D, G, H) . By the age of 1 year, both AD-PHP1B and spor-PHP1B patients revealed significant overweight with BMI Z-scores of 2.5 AE 1.6 (n ¼ 12) and 2.9 AE 1.4 (n ¼ 17), respectively. Thereafter, the mean BMI Z-scores of AD-PHP1B and spor-PHP1B patients declined progressively and, by adulthood, were still 2.0 AE 2.6 (n ¼ 32) and 1.1 AE 1.4 (n ¼ 70) above average, respectively. The women, especially affected with spor-PHP1B, were more overweight than male patients. In fact, the BMI Z-scores of adult AD-PHP1B and spor-PHP1B women were higher than those of men (AD-PHP1B women 2.5 AE 3.0 [n ¼ 21] versus men 0.9 AE 1.3 [n ¼ 11], p ¼ 0.1083; spor-PHP1B women 1.6 AE 1.6 [n ¼ 37] versus men 0.5 AE 1.0 [n ¼ 33], p ¼ 0.0020) (Fig. 3D) . Nine percent of the AD-PHP1B and 44% of the spor-PHP1B women were overweight, and 43% and 13%, respectively, were obese. In contrast, only 18% of the AD-PHP1B and 27% of the spor-PHP1B men were overweight, whereas only 9% of the AD-PHP1B and none of the spor-PHP1B men were obese.
Discussion
The lack of longitudinal data on growth and weight gain of patients affected with GNAS molecular defects prompted us to launch a large European and North American collaborative study, a necessary step to gather large patient cohorts affected by these rare diseases, and generate comprehensive data. Our findings should help to generate hypotheses regarding the biological roles of the different GNAS-derived transcripts and to support future guidelines for the management of obesity and short stature in patients affected by GNAS molecular defects. 
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Gsa haploinsufficiency and impaired growth
Gsa is biallelically expressed in the growth plate, and it is pivotal for mediating the actions of the PTH/PTHrP receptor in growth plate chondrocytes. (22) In humans, monoallelic Gsa expression appears to cause accelerated chondrocyte differentiation and premature fusion of the growth plate, ultimately leading to short stature. An extreme form of accelerated chondrocyte differentiation is also found in mice and humans lacking both copies of the PTH/PTHrP receptor. (23) In addition, postnatal inactivation of Gsa in chondrocytes alters the behavior of stem cell-like chondrocyte located in the resting layer of the growth plate and leads to a nonexpanding, disorganized cartilage. (24) It is therefore likely that Gsa haploinsufficiency in the growth plate-and likely other tissues-is responsible for the mild growth restriction at birth of PHP1A patients and possibly for the lack of pubertal spurt and consequently for the short stature identified in both PHP1A and PPHP patients. In particular, the impact of Gsa deficiency on stem cell-like chondrocytes may account for an inability to increase growth velocity during puberty.
Lack of paternal XLas impairs prenatal growth
XLas is a developmentally regulated large Gsa variant that is expressed only from the paternal GNAS allele in all tissues; its expression level decreases dramatically after birth. (25) In mice, germline disruption of Xlas leads to a neonatal phenotype characterized by thin and narrow bodies and reduced weight. (25) Our data support the role of XLas for intrauterine growth because we found severely diminished birth weight and length in patients affected with paternal GNAS mutations. The combination of XLasd e ficiency and Gsa haploinsufficiency may explain the severe antenatal growth restriction observed in PPHP patients, especially in patients with mutations involving exons 2-13, ie, regions shared between the paternally derived transcripts for Gsa and XLas.
Reduced maternal Gsa expression contributes to obesity
In contrast to the chondrocyte where Gsa is most likely expressed from both parental alleles, this signaling protein appears to be derived in the dorsomedial hypothalamus (DMH), at least in mice, primarily from the maternal Gnas allele. (26) Therefore, all maternal GNAS-related disorders likely impair expression and Gsa-dependent actions at different G-protein coupled receptors, including MC4R in the DMH.
We have hereby demonstrated that any disease variant caused by a maternal GNAS molecular defect, ie, PHP1A, AD-PHP1B, and spor-PHP1B, can be associated with impressive early-onset obesity. Throughout childhood and in adults, however, excessive weight gain was more severe and more frequent in patients affected by PHP1A than by PHP1B. Earlier studies have suggested that the abnormal weight gain is likely caused by a defect in the central nervous system rather than in adipose tissue. (27) In fact, obese children with PHP1A have low sympathetic nervous system activity, decreased lipolysis, (28) low metabolic rates, and low resting energy expenditure. (29, 30) Growth hormone deficiency due to growth hormone-releasing hormone resistance in the pituitary may be another contributing factor to this central nervous system defect. (31) Thus, a combination of different tissue-specific events may contribute to obesity in PHP1A and PHP1B patients. (27, 28, 30) 
GNAS transcripts and growth evolution
The specific longitudinal pattern of growth and weight gain in AD-PHP1B and spor-PHP1B patients, particularly in early life, could help clarify the relative contribution of the different GNAS-derived transcripts.
In accordance with our previous findings in much smaller cohorts, (15) PHP1B patients, including both AD-PHP1B and spor-PHP1B, display enhanced fetal growth. This phenotype is even extended to the first years of life. Because of the epigenetic molecular mechanism that causes PHP1B, it is likely that growth patterns encountered in PHP1B are, at least in part, controlled by GNAS-derived transcripts different from Gsa. In patients affected by spor-PHP1B (note that patients with AD-PHP1B due to deletions within GNAS are excluded in the herein study because only a few cases have been described (32) ), XLas expression in growth plates and other tissues is predicted to be biallelic early in life, thus potentially contributing to our observations of enhanced growth during fetal life and infancy. However, patients with AD-PHP1B due to STX16 deletions express XLas only from their paternal allele, making it unlikely that XLas contributes to the postnatal overgrowth. In fact, both groups of patients, AD-PHP1B due to STX16 deletions and spor-PHP1B, display very similar early overgrowth, followed by a gradual decline in growth velocity and subsequent normal adult height. XLas, which is biallelically expressed only in spor-PHP1B patients, is therefore unlikely to be uniquely responsible for the overgrowth in all forms of PHP1B. Instead, the A/B transcript (or another unknown transcript) may contribute through an asyet unknown mechanism to the much-enhanced growth. In addition, we propose that the early-onset obesity, in the context of open epiphyses, combined with biallelic expression of Gsa in chondrocytes, is likely a major driver of the enhanced growth in these patients.
Alternate GNAS-derived transcripts have distinct roles during pubertal development
The cause of the insufficient pubertal spurt in the different disease variant remains to be investigated. Affected patients may present with lower Gsa expression in stem cell-like chondrocytes, which could impede the increase in growth velocity during puberty. (33) Interestingly, XLas appears to have no major role in postnatal growth plates as indicated by mice with ablation of Gnas exon 1 from the paternal allele, thus lacking paternal Gsa but not Xlas. (24) This is concordant with our observations in PPHP patients with paternal GNAS mutations involving exons 2-13, ie, lacking XLas and paternal Gsa, who display a severe antenatal growth restriction yet postnatal and adult heights that are similar to those in PHP1A patients bearing maternal GNAS exons 2-13 mutations.
In addition, obesity may accelerate the bone maturation, as commonly observed. (34) Furthermore, some patients may show early pubertal development or early adrenarche, in the context of advanced bone age, as observed in other imprinting disorders. (35) 
Limitations of our studies
Weaknesses of our study include the lack of parental heights, heights of healthy siblings, age at puberty and menarche, and additional data such as age at diagnosis and thyroid or growth hormone status, which could help elucidate further the mechanisms underlying growth and weight gain in GNAS-related disorders. To better understand the underlying determinants of growth, weight gain, and puberty, including the sex differences, prospective studies and follow-up need to be pursued in patients affected by the different GNAS-related disorders.
Conclusions
From our observations, we conclude that 1) for the majority of PHP1A and PPHP patients, ie, patients carrying a GNAS loss-offunction mutation, normal length/height during childhood does not predict a normal adult height as short stature becomes apparent only gradually in these disorders; 2) close follow-up of growth, pubertal development, and bone maturation is recommended by mid childhood, especially for patients with inactivating GNAS mutations; 3) the maternal mutations or methylation defects of GNAS, as in patients affected with PHP1A, AD-PHP1B, and spor-PHP1B, can cause impressive early-onset obesity that persists through adulthood, especially in women; specific interventions should therefore be instated as soon as the diagnosis is made to limit obesity, thus long-term metabolic consequences; 4) large collaborative studies are of major importance to gather representative data for these rare diseases and to better understand the impact of GNAS imprinting on major development processes, including growth, fat storage, and pubertal development.
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